Articles you may be interested in A low-noise and wide-band ac boosting current-to-voltage amplifier for scanning tunneling microscopy Rev. Sci. Instrum. 76, 023703 (2005) The design of low-temperature tunnel current converters and the design of a low-temperature damping stage for a scanning tunneling microscope ͑STM͒ are presented. The current amplifiers are able to measure very low tunnel current ͑down to 0.25 pA͒, while preserving a sufficient bandwidth for topographic and spectroscopic measurements and with very low noise characteristics ͑down to 3 fA Hz
I. INTRODUCTION
In order to improve the stability of the tunnel junction and of the atoms or molecules imaged by the tip, many lowtemperature ultrahigh vacuum ͑UHV͒ scanning tunneling microscopes ͑STMs͒ were developed. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] For high-quality STM measurements, one has to be able to measure small currents, while reaching low-level tunnel current noise and a sufficient bandwidth. Therefore, the development of efficient current-voltage (I -V) converters is required. Very often, for operation at low temperature, external amplifiers are connected to the tunnel junction through at least 1 m of copper wire. 2 This connection picks up electromagnetic and mechanical noise due to temperature fluctuations and cryostat vibrations, but the most limiting factor is the drastic increase of the capacitance of the line. Therefore, reaching a bandwidth of few hundred Hz for tunnel currents in the range of pA is a challenge. Few cryoamplifiers have been successfully designed [13] [14] [15] but most of the time at the cost of less flexibility for changing from one tunnel current range to another. Special electronic components have to be selected with great care in order to dissipate heat as low as possible, 16 and to work properly especially in the case of liquid-helium temperature. 17, 18 In this article, we will describe the design of external room-temperature preamplifiers managing tunnel current ranging from 0.25 pA to 50 nA, having a sufficient bandwidth for topographic and spectroscopic measurements, and presenting very low noise characteristics. Afterward, we will present a way to further reduce the thermal noise of the feedback resistor of the converter, by placing only this resistor in contact with the cryostat, 19 close to the microscope while keeping sufficient bandwidth. By this simple way, we transform the room-temperature amplifier to a so-called ''lowtemperature'' amplifier. Concerning the vibration damping, cryostats and shielding system render the design of the STM damping stage very complicated. 20 Because of operating at low temperature, Viton-type materials have to be avoided for damping stages and the use of long springs can make the design delicate. 21 Most of the cryogenic systems use one or two external pneumatic suspension stages to filter the mechanical vibrations but they are not efficient in eliminating the vibrations produced inside the cryostat itself. The situation is complicated by the acoustic noise, which is picked up by the surface of the whole UHV system and transmitted to the STM mechanics through the bellows and tubes. We will describe the way to reduce the mechanical noise by designing a compact low-temperature magnetic damping stage, which protects the tunnel junction from the vibrations of the cryostat produced by the boiling of the cryogenic liquid inside the tank.
II. ROOM-TEMPERATURE PREAMPLIFIER DESIGN
The tunnel current flowing from the biased tip toward the sample has to be amplified and converted to a voltage. This is done through a measuring resistor across which a voltage drop takes place. The resistor could also be a feedback resistor of an extremely low bias current operational amplifier. Measuring pA current leads to the use of resistors ranging at least from 1 to 10 G⍀. However, the major problem turns out to be the shunt capacitance associated with the feedback resistor. This capacitance is in the range of 1 pF and will limit the bandwidth of the preamplifier to about 150 Hz in the case of 1 G⍀ feedback resistor. The limited bandwidth of the I -V converter will reduce the maximum scanning speed and lower the modulation frequency for spectroscopic measurements ͑or worse, it will increase the amplitude needed for the modulating signal͒. In both cases, the scanning time is increased, making an STM image more sensitive to thermal drift and mechanical vibrations. An easy method to increase the bandwidth, while keeping the noise level as low as possible, consists in the introduction of an RC feedback network 13, 22 in order to exactly compensate the a͒ Electronic mail: laurent.libioulle@ipmc.unil.ch shunt capacitance of the feedback resistor. We have designed our I -V converters as a two-stage amplifier. In Fig. 1 , the basic configuration of such an amplifier is presented. Four different amplifiers have been prepared, each of them specially designed for one range of tunnel current and covering at least 2 orders of magnitudes of current variation. In Table  I , the values of the needed components are given as well as the measured noise as a stand-alone device. For the RC compensating network, we have used a 1 M⍀ resistor to negligibly modify the value of the feedback resistor ͑less than 1%͒. In the case of ideal compensation, the RC product in the compensating network has to be equal to the product of the feedback resistor and its shunt capacitance. Toward this end, first C value is estimated from the converter bandwidth without any compensation and, subsequently, is experimentally adjusted to insure a large bandwidth. Then, C* is inserted and its value adjusted in order to cut the highestfrequency noise resulting from the perfect compensation of the shunt capacitance. Figure 2 presents a typical 200 Åϫ200 Å unfiltered STM image of a silver surface Ag͑111͒. The sample temperature was maintained at 50 K ͑solid nitrogen͒ and the iridium tip 23 was biased with 3 mV. The Z scale of the image is 0.5 Å from black to white and no bias modulation technique was used to improve the contrast. We can clearly distinguish the scattering by impurities and defects of the electronic density of state corresponding to the surface state electrons confined in the two-dimensional plane. On the same surface the spectrum of the preamplifier output was measured with the feedback loop open. The spectrum is shown in Fig. 3 with the tip in tunnel condition ͑curve 1͒ and retracted ͑curve 2͒. The 25 fA Hz Ϫ1/2 base line measured as a stand-alone amplifier ͑Table I͒ fit the spectrum nicely in the case of retracted position, indicating that the entire UHV system is not adding noise to the converter. In tunnel conditions, the clear deviation from the base line indicates that tip stability, thermal drift, mechanical vibrations, and acoustic noise all contribute to the tunnel current noise. The largest components range from 0 to about 50 Hz and are probably mostly generated by mechanical vibrations of the nitrogen tank. It becomes clear from the comparison of the converter output spectra, that the mechanical stability of the tunnel junction should be improved in order to reach more stable conditions. This clearly indicates that the addition of a low-temperature damping stage is one key element to improve the tunnel junction stability. We will describe this point later. However, one can also reduce the base line noise level. This noise is generated FIG. 1. Electronic diagram of the room-temperature I -V converter. The RC feedback network is introduced in the feedback loop to compensate the shunt capacitance of the large value feedback resistor R fb . The converter is a two-stage amplifier. The gain of the second stage is always fixed to 10, whereas the gain of the first stage ranges from 10 7 to 10 10 . For the first amplifier type, see Table I . In the case of the low-temperature converter, the feedback resistor R fb is fixed to the cryostat as indicated in the inset. . The bandwidth was measured by applying a sinusoidal signal with a 10 8 ⍀ resistor to the input, while the peak-to-peak noise was determined from the oscilloscope trace. The rms current noise over the bandwidth is calculated from these values.
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Amplifier by the measuring resistor inside the I -V converter and is due to shot noise and Johnson noise. 24, 25 The shot noise, related to the discrete nature of the current, makes the current of independent charges fluctuate around the mean value I dc over a frequency interval ⌬ f as given by
.
͑1͒
On the other hand, the Johnson noise results from the thermal motion of electrons through the feedback resistor. This noise depends directly on the temperature T and for a resistor R is given over a frequency interval ⌬ f by
Reducing the temperature of the resistor will directly lower the Johnson noise of the feedback resistor ͑without affecting the shot noise͒ and, subsequently, will reduce the measured noise at the output of the preamplifiers.
III. LOW-TEMPERATURE PREAMPLIFIER DESIGN
The main idea for designing low-temperature converters is simply to remove the feedback resistor from the roomtemperature converter box and to place it in contact with the STM cryostat. The reason for doing this is that the feedback resistor is the main source of noise, which can be easily eliminated. The resistor is placed inside the UHV chamber, in thermal contact with the cryostat and as close as possible to the microscope. The resistor, 26 which is encapsulated within a ceramic tube is glued on a sapphire plate. This sapphire plate provides very good thermal contact with the wall of the cryostat and excellent electrical isolation. The feedback resistor, placed at low temperature, is thus electrically connected to the converter electronics working at room temperature. Only one additional UHV electrical feedthrough is needed to operate the converter in the low-temperature mode. The original connection from the tunnel junction remains unchanged. One side of the low-temperature feedback resistor is permanently connected to the tunnel junction, as close as possible to the STM body, whereas the other side of this resistor is connected to the additional electrical feedthrough ͑see inset of Fig. 1͒ . In order to operate at different gains, several low-temperature feedback resistors can be permanently connected to the tunnel junction and each of them needs to have its own isolated electrical output. The change from one gain to another is made by selecting the corresponding output feedthrough. We point out also that this configuration allows one to continue to use a normal roomtemperature converter, since the original tunnel current feedthrough is unchanged, and to switch to a lowtemperature configuration only when the noise has to be reduced to an extremely low level. In our microscope, one low-temperature resistor ͑1 G⍀͒ was permanently connected. In the case of normal measurements, no additional noise coming from the unused low-temperature feedback resistors has been detected if the unused electrical feedthrough is simply shielded by a BNC cap to avoid pick-up electromagnetic noise. Compared to the usual room-temperature converter, the addition of new electrical wires ͑from the tunnel junction to the low-temperature resistor and from that resistor to a new electrical feedthrough͒ results in an increase of the total shunt capacitance. We have estimated that the resulting capacitance is in the order of 10 pF for low-temperature connections. However, the adjustment of the value in the RC feedback network makes it easy to compensate this increase of the shunt capacitance, allowing us to maintain the bandwidth for low-temperature converters. The new values of the RC network needed for keeping the bandwidth of the 10 10 low-temperature converter are indicated in Table I in the case of 1 G⍀ inside feedback resistor. It is more difficult to measure the bandwidth at a low temperature than for a standalone preamplifier, but we evaluate the bandwidth to be larger than 350 Hz for a 10 10 gain. In Table II , we calculate the theoretical Johnson noise and the shot noise for a tunnel current ranging from 1 pA to FIG. 3 . Noise spectrum of the 10 9 gain converter under tunnel conditions ͑Ir tip, 3 mV bias, and 100 pA tunnel current͒ on a Ag͑111͒ sample surface ͑curve 1͒ and in retracted position ͑curve 2͒. The 25 fA Hz Ϫ1/2 base line nicely fit the noise spectrum of the retracted tip, whereas in tunnel conditions there is a clear deviation from white noise attributed to acoustic noise and mechanical vibrations of the nitrogen tank on which the cryostat is screwed. 1 nA and the resulting root-mean-square ͑rms͒ noise is given in the case of room-temperature and low-temperature ͑50 K͒ converters. The theoretical noise level limit for a two-stage 10 10 converter, as we have used so far, is 2.5 fA Hz Ϫ1/2 at 50 K.
The comparison between the experimental noise spectrum of a 10 10 room-temperature converter ͑curve 1͒ and the spectrum of the equivalent low-temperature converter ͑curve 2͒ is shown in Fig. 4 . The noise level has been lowered from 9.5 to about 3 fA Hz Ϫ1/2 which is close to the theoretical limit of 2.5 fA Hz Ϫ1/2 . At a low frequency ͑roughly below 50 Hz͒, we see clearly that the noise level of the lowtemperature preamplifier is rising up from the base level toward the room-temperature noise spectrum. As we have already seen in Fig. 3 , this confirms that the origins of this noise are mechanical vibrations and instabilities. However, imaging silver surfaces by STM using the cryoconverter has demonstrated that the image quality was improved because of this noise reduction. This improvement was estimated to be equivalent to a Z-signal noise reduction of about 0.1 Å in the case of scanning an Ag͑100͒ flat surface. On the other hand, the scanning speed, time constant, and gain of the STM feedback loop remain the same, confirming that the bandwidth of the cryoamplifier was maintained large enough for standard imaging and spectroscopic measurements.
IV. LOW-TEMPERATURE DAMPING STAGE DESIGN
The room-temperature STM's are generally isolated from mechanical vibrations by springs and Viton damping stages. Viton material is efficient against acoustic coupling, while the spring stage or pendulum system protects the microscope against very low-frequency vibrations. As was already mentioned, at low temperature, the stiffness of such springs increases rapidly, making the damper less efficient, while Viton stages have to be completely ruled out. The most simple solution turns out to be the use of one or two external pneumatic suspension stages for damping the external mechanical vibrations and to design the microscope to be as rigid as possible. But this could not be enough, since the flow of cryogenic liquid and the bubbles appearing inside the dewar remain a major source of noise. In order to improve the tunnel current stability, it is thus highly recommended to mechanically isolate the STM head from the cooling stage. Spring damping stages, especially designed for working at low temperature, have already been described 2, 19 and special spring material needs to be used. The corresponding resonance frequency for such systems ranges from 2 to 10 Hz. One can also notice that increasing the length of metallic springs is one way to keep the resonance frequency of the damper as low as possible, but it will make the cryostat less compact. An other crucial point is the fact that through the spring wire, medium-and high-frequency vibrations could propagate and reach the microscope. It would be desirable to have, at a low temperature, a damping stage with the characteristics of a room-temperature Viton stage, which filters frequencies up to few kHz. However, we would like to keep the STM stage as small as possible, as stable as possible for tip and sample exchanges and, at the same time, decoupled from mechanical vibrations of the cryostat while keeping the low working temperature. In order to meet all of these goals, we have designed a low-temperature magnetic damping stage as shown in Fig. 5 .
The copper STM stage, inside the copper body of the FIG. 4 . Experimental comparison between room-temperature ͑curve 1͒ and low-temperature ͑curve 2͒ noise spectrum in the case of the 10 10 gain converters in exactly the same tunnel conditions ͑same Ir tip, 3 mV bias, and 10 pA; same position on the Ag͑100͒ sample͒. The 9.5 fA Hz Ϫ1/2 noise base line of the room-temperature converter corresponds to the measured value for the stand-alone converter reported in Table I and fits the noise spectrum at high frequency ͑curve 1͒, while at low frequency there are clear peaks appearing. These peaks are attributed to acoustic and mechanical vibrations of the nitrogen tank. The 2.5 fA Hz Ϫ1/2 base line for curve 2 corresponds to the minimum noise limit level for our low-temperature 10 10 gain converter as reported in Table II , calculated from theoretical values. The experimental noise spectrum is better fit with a 3 fA Hz Ϫ1/2 base line, corresponding to about 1.5 mV peak-to-peak fluctuation signal at the output of the converter as indicated in Table I. FIG. 5. Overview of the low-temperature magnetic damping stage. The STM stage is suspended by magnetic repulsion between two cobaltsamarium magnets and damped by four cobalt-samarium magnets through an eddy-current damping mechanism. The STM stage is centered inside the cryostat body by six balls, which are held in place magnetically and which are freely rolling on graphite rods and plates attached to the fixed and to the mobile parts, respectively. The STM stage is completely shielded by the cryostat body and could also be pushed in contact by turning the clamping screw during cooling periods. cryostat, is suspended by magnetic repulsion between two strong cobalt-samarium magnets, the first one is glued on the mobile stage and the second one; on the cryostat. The mobile stage is centered inside the cryostat by six 8 mm balls rolling on graphite surfaces and four large cobalt-samarium magnets attached to the mobile stage under the microscope provide eddy-current damping. 2 The copper body of the cryostat is tightly screwed to the cryogenic tank in order to provide excellent thermal contact.
In order to transmit as low vibration as possible from the tank to the STM through the cryostat body, as well as acoustic noise from the UHV chamber, the six centering balls have to move freely at a low temperature. Toward this end, each ball is just held in position by a cobalt-samarium magnet, as drawn in Fig. 6 , but stays totally free to rotate around the axis perpendicular to the holding magnet. The ball can thus turn and roll on the two graphite surfaces. Three centering balls on the top of the STM stage and three on the bottom are enough to keep the STM stage perfectly aligned inside the cryostat. During cooling, the STM stage is pushed into contact with the bottom plate of the cryostat by a clamping screw and will be released during the measurements. The mobile stage will stay in thermal equilibrium with the surrounding walls of the nonmovable parts. The resonance frequency of the system has been measured to be around 7 Hz by manually exciting the damping stage and detecting the oscillations with a coil in front of a magnet. The oscillations are completely damped in three to four periods. To characterize the efficiency of our magnetic damping stage, we have measured, with an accelerometer, its complete transfer function for frequencies higher than 20 Hz.
The experimental transfer function is shown in Fig. 7 and has been obtained by vibrating the damping setup while measuring the amplitude of the vibration on itself and on the STM stage using two accelerometer heads. The ratio between the two vibration amplitudes was calculated. 27 We clearly see that the magnetic damping stage acts as a lowpass filter and is efficient exactly like a room-temperature Viton stack. Lateral vibrations are probably less efficiently attenuated but the STM stage is only in contact with the cryogenic stage though six free-moving balls which are unable to transmit any stress to the STM stage. The picture of the STM stage is presented in Fig. 8͑a͒ . The eddy-current damping magnets are clearly visible below the microscope as well as the centering balls. The complete damping system is shown in Fig. 8͑b͒ .
The improvement of the mechanical design of our lowtemperature STM, as well as the improvement of tunnel current converters, will allow us to image the morphology of epitaxial thin metal oxide layers in more stable conditions, where very low current, high spatial resolution, and spectroscopic measurements are needed to study the oxide barrier.
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